Diurnal variations of Korean summertime (June−August) precipitation in 2009 were investigated using hourly National Institute of Meteorological Research/Korea Meteorological Administration (NIMR/KMA) Forecast Research Laboratory (FRL) precipitation data that had high spatial (5 km by 5 km grid distance) and temporal (1 h) resolutions. Using the techniques of multiresolution analysis and Incomplete Gamma Function, NIMR/ KMA FRL precipitation reanalysis data are produced from the observations of about 680 Automatic Weather Systems and reflectivity data from 10 radars over South Korea.
Introduction
Abnormal weather/climate is generally believed to be a rare phenomenon that occurs once in 30 years or more, but such phenomena have become more frequent. In particular, localized heavy rainfall for a short time has increased markedly in both frequency and intensity in some mid-latitude locations. Therefore, the diurnal cycle of precipitation has been considered to play an increasingly important role in regional weather and climate (e.g. Wallace 1975; Dai 2001; Yang and Slingo 2001) . Furthermore, diurnal patterns in precipitation could be used to forecast rainfall events and to improve the physical processes of numerical models if there are typical daily rainfall cycles. Many studies in different regions show that there are distinct diurnal precipitation cycles during the warm-season, with rainfall peaks in the late afternoon or early morning, using surface station data (e.g. Wallace 1975; Dai et al. 1999; Dai 2001) and satellite data (e.g. Yang and Slingo 2001) , with and without model simulation. The diurnal variations in precipitation have often been influenced by the temperature contrast induced from differential heating between land and sea, or high and low lands with elevation gradient, and changes in frictional drag associated with diurnal variation in static stability (e.g. Carbone et al. 2002; Wang et al. 2004 ).
In the case of East Asia, since topographical characteristics such as elevation gradients and land/sea distributions are complex, there are large regional differences in the time at which maximum diurnal precipitation occurs, especially during the summer season. Analysis of diurnal variations in summer precipitation over contiguous China showed that peak precipitation occurred in late afternoon over southern inland and northeastern China, but at midnight over most of the Tibetan Plateau and its eastern periphery (Yu et al. 2007; Zhou et al. 2008) . To investigate the diurnal rainfall variations in regions with complex topography, Chen et al. (2012) stated that a combination of station observations and satellite products are essential.
The diurnal variations over Korea, which might be accompanied to those researches, were analyzed to be typified by two peak values in the early morning and afternoon (Ramage 1952; Lim and Kwon 1998) . However, they had mainly been limited to using surface station data. In addition, there are multiple potential causes of summertime precipitation in South Korea. Representatively, the middle latitude and subtropical weather fronts, associated with a quasi-stationary moisture convergence zone (or band) between the tropical maritime air mass from south and the continental and maritime polar air masses from the north, make up one of the main rain-bearing synoptic systems during the summer rainy season in East Asia (Ding and Sikka 2006; Lee 2004) . Localized heavy rainfalls with convective instability induced by increasing low level warm and moist air and the direct/indirect effect of tropical cyclone are also dominated in the summertime precipitation in South Korea (Lee 2004) . In order to help resolve the spatial and temporal distribution and the diurnal variations in summer precipitation over South Korea in more detail, we used NIMR/ KMA (National Institute of Meteorological Research/Korea Meteorological Administration) FRL (Forecast Research Laboratory) precipitation reanalysis data, which will be introduced in Section 2, in this study.
NIMR/KMA FRL precipitation reanalysis data
NIMR/KMA developed high resolution precipitation data with 5 km by 5 km resolution in order to be applied predominately in real-time forecasting over South Korea. KMA have deployed a high-density Automatic Weather System (AWS) network over South Korea to collect real-time observations of surface meteorological parameters including rainfall. The precipitation data observed at ~680 AWS stations over South Korea ( Fig. 1) were interpolated to 650 by 650 grid points at 1-km horizontal resolution using the method of multiquadric interpolation objective analysis (e.g. Nuss and Titley 1994) . In addition, precipitation data derived from reflectivity data from ten radars, which cover all of South Korea including its territorial waters (cf. Fig. 1 ), were combined with AWS precipitation data through multiresolution analysis (e.g. Chin et al. 1998) and Incomplete Gamma Function, in order to set the same grid distributions. The Incomplete Gamma Function, which is a kind of cumulative probability density function, has been widely adopted for a range of studies (e.g. Blahak 2010; Lloyd-Hughes and Saunders 2002) . Precipitation data are then produced through applying different weighting to the land and ocean areas. NIMR/KMA FRL precipitation reanalysis data are reproduced for case analysis of rainfall events and investigating climatic precipitation over South Korea.
first Changma is active from late June to late July. The periods with stronger fluctuations in the three PC time series are mainly observed within the first Changma period. Figure 3 shows the spatial distributions of the first CSEOF of NIMR/KMA FRL precipitation at 1-h intervals through a full diurnal cycle (24 h). The first CSEOF of summer precipitation over South Korea explains 19.7% of the total variability. The variance explained by the first mode may look small, but this mode explains 61.3% of the total amount of precipitation. The amplitude of the diurnal cycle fluctuates around 0.27 mm with a standard deviation of 0.55 mm in this mode. The precipitation distributions from Fig. 3a to Fig. 3x explain the diurnal variation in the first mode of precipitation variability. Two precipitation bands at 0100 local standard time (LST) were widely distributed in the north-central area (~37°N−38°N) and in the central area (~35°N−37°N) of South Korea (Fig. 3a) . A precipitation band with an orientation typical to the front originates in the north-central periphery of South Korea at 2000 LST (Fig. 3t) , moves towards the southern coast of Korea until 0800 LST the next day (Fig. 3u−3x and 3a−3h), and then dissipates (Fig. 3i) . This nocturnal precipitation can be assumed to be enhanced by instability due to nocturnal radiative cooling at the cloud top (Lin et al. 2000) . The diurnal variation in summer precipitation seemed to correspond to the precipitation pattern of meso-scale convective systems (MCS), which have predominantly nocturnal rain, mostly after midnight,
Methods
In order to investigate diurnal variations of summertime precipitation in South Korea in detail, the cyclostationary empirical orthogonal function (CSEOF) technique was employed (Kim et al. 1996; Kim and North 1997) . In this technique, space-time data P(r, t ) are written as a linear combination of CSEOFs:
where LV n (r, t ) and PC n (t ) are cyclostationary loading vectors, which are described time-dependent physical evolutions, and principal component (PC) time series, respectively. The CSEOF representation of the data is different from the EOF representation in that the loading vectors are time dependent and periodic, such that
where d is the nested period. In this research, the physical evolution with a nested period of 24 h exhibits the long-term amplitude fluctuations described in the PC time series. CSEOF analysis has been conducted for this summer period (June, July, and August; 2208 h) using 5 km NIMR/KMA FRL precipitation reanalysis data from the spatial domain of South Korea (123.361°E−131.468°E by 32.0202°N−39.4249°N; 135 point by 165 point).
Three distinctive diurnal variations in summertime precipitation for different regions
Each mode of diurnal variability in summertime precipitation over South Korea in 2009 was analyzed via CSEOF analysis. CSEOF analysis of 1-h intervals of summertime precipitation revealed three principal modes of variability, which together explain about 44% of the total variability. Figure 2 shows the PC time series of the first to the third CSEOF. The primary component of Korean summertime rainfall, which accounts for about threefourths of the annual rainfall in Korea, is caused by Changma, which is associated with the East Asian Summer Monsoon from late June until late August (Ding 2004; Qian et al. 2002 ). The SOLA, 2012 , Vol. 8, 155−159, doi:10.2151 /sola.2012 Fig . 3 . The first CSLV of 1-hourly precipitation (1 mm contours) over South Korea in summer 2009 from (a) 0100 LST (1600 UTC) to (x) 2400 LST (1500 UTC) at 1-h intervals. and probably arise from the upscale growth of late afternoon convection (Nesbitt and Zipser 2003) . On the other hand, the precipitation band over the north-central area, which weakens near 0300 LST (Fig. 3c) , strengthens from 0800 LST, lasts through daytime, and then dissipates at 1800 LST without much movement. In the first CSEOF, both the migratory precipitation band from the north-central region to the southern coast of Korea during the nighttime and the quasi-stationary precipitation area over the north-central area of South Korea in the daytime are explained. These two peaks in the diurnal precipitation cycle are consistent with those in the domain between the Yangtze river and the Yellow River valley (around 110°−120°E, 30°−40°N) (Bao et al. 2011; Yu et al. 2007a; Yu et al. 2007b ). The two peaks of summer precipitation in the area between the Yangtze River and the Yellow River valley had been firstly identified by Yu et al. (2007a) , Yu et al. (2007b) , and Zhou et al. (2008) .
The second CSEOF of the diurnal cycle in 2009 summertime precipitation in South Korea is shown in Fig. 4 . This mode explains ~13.3% of the total variability. Relatively strong diurnal precipitation activity of this mode was seen in late June through mid July (Fig. 2b) . The zonal type of precipitation at ~35°N, which increases from ~0100 LST (Fig. 4a) , lasts and covers much of the southern coastal area of Korea, and then dissipates at ~1600 LST (Fig. 4f) . The strong precipitation in the second mode was most marked during the morning. As the spatial distributions show that the onset of precipitation occurred in southwest South Korea and the precipitation terminated in southeastern South Korea, the precipitation band moved slowly eastward. This mode of precipitation may be connected to an early morning peak in the variation in mean precipitation averaged over the region between the Yangtze River and the Yellow River Valley (110°E−120°E, 30°N−40°N) (Yu et al. 2007) . Figure 5 shows the diurnal evolution of 1-h precipitation in the third CSEOF. The third mode explains ~10.5% of the total variability. The strongest diurnal precipitation occurred on 14 July. In fact, an hourly rainfall of over 50−60 mm was recorded within the narrow region of the precipitation band shown in Figs. 5h, 5a , and 5b. This southwestwardly moving precipitation corresponds to the precipitation in the central region in the first CSEOF. Thus, detailed diurnal variations in summer precipitation in Korea could be identified through NIMR/KMA FRL reanalysis data with high spatial and temporal resolution.
Summary and discussions
Here, we used NIMR/KMA FRL precipitation reanalysis data based on high resolution AWS and radar data in order to investigate diurnal variations in summer precipitation in more detail. The diurnal variations in summertime precipitation over South Korea in 2009 were successfully identified using the CSEOF technique. Via CSEOF analysis of 1-h summertime precipitation, three principal modes of variability, which together explain about 44% of the total variability, were obtained. As the evolution of the precipitation over South Korea was seen in the CS loading vector during 24 h, the results reveal detailed and interesting spatial and temporal features. Three prevailing features of diurnal variation in precipitation were identified for South Korea.
In the first CSEOF, which explains 61.3% of the total magnitude of summer precipitation in 2009, the predominant nocturnal precipitation that occurred from evening to early morning and the daytime precipitation that occurred from early morning to late afternoon were found. While the nocturnal precipitation moved rapidly from the north-central area to the southern coast of South Korea, the daytime precipitation was nearly stationary over the north-central area of South Korea. The precipitation over the southern coastal periphery of South Korea from midnight to mid afternoon was extracted from the second CSEOF. The prevailing nocturnal precipitation band seemed to be enhanced by instability due to nocturnal radiative cooling at the cloud top (Lin et al. 2000) . Considering occurrence time of peak precipitations, the precipitation over South Korea can be seen to be associated with diurnal variations in precipitation over the domain between the Yangtze River and the Yellow River valley (Yu et al. 2007a; Yu et al. 2007b; Zhou et al. 2008) . In a sequel paper, we will study and address the relationship between the diurnal variation of precipitation in South Korea and that in the Yangtze River and the Yellow River valley.
